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16
Escalating concerns about CO 2 emission from fossil fuels utilization and environmental pollution 17 from fossil-derived plastic waste call for the sustainable production and utilization of renewable 18 biodegradable plastic materials. Polyhydroxyalkanoates (PHAs) are biodegradable and 19 biocompatible thermoplastics with thermal and mechanical properties comparable to 20 conventional plastics; thus, they are promising materials to mitigate environmental pollution.
21
(R)-3-Hydroxybutyrate (3HB), which is the most common building-block for PHAs, has the 22 potential to be utilized in various medical applications and can also serve as a precursor to a 23 variety of value-added stereospecific chemicals. In addition, it can be produced by 24 microorganisms, such as engineered cyanobacteria, from inexpensive renewable resources 25 such as waste CO 2 . However, higher titer and rate of (R)-3HBproduction by cyanobacteria 26 beyond that found in the current literature are critical for commercial applications. Herein, we 27 employed a facile strategy to identify the rate-limiting step in photoautotrophic production of 28 (R)-3HB by the cyanobacterium Synechocystis and found that acetoacetyl-CoA reductase 29 activity is the bottleneck in the process. Optimization of the gene's ribosome binding site led to 30 a 2.2-fold increase in enzyme activity. In the engineered organism, the (R)-3HB titer reached 31 1.84 g L -1 within 10 days, with peak productivity of 263 mg L -1 day -1 , using CO 2 and light as the 32 sole carbon and energy sources. Moreover, dramatic changes in carbon partition were 33 discovered in the (R)-3HB-producing cells along the course of cultivation using 13 C-metabolic 34 flux analysis; after the rapid growth phase, a majority of carbon flux was redirected from the 35 cell mass formation to the production of (R)-3HB in the engineered Synechocystis under the 
109
[ Figure 1 to be inserted here]
110
To circumvent these issues, a facile method was designed to probe the metabolic bottleneck 111 in cyanobacterial (R)-3HB production, the principle of which is depicted in Figure 2 . were the bottlenecks in (R)-3HB production, increased TesB activity would not affect 120 production of (R)-3HB but would rather lead to an elevated ratio of acetate: (R)-3HB ( Figure 2B promoter, leading to promoter P psbA14 (Figure 3 ). Moreover, promoters P psbA12 and P tac were 135 fused together to form the dual promoter, P psbA16 -P tac . The TesB expression cassettes were each 136 inserted into the Synechocystis strain Abd which expresses PhaAB under the control of P tac 137 promoter (Table 1) , resulting in strains TTrK, SDTrK, UTRTrK, PTrK12, PTrK14 and PTrK16, 138 respectively ( Figure 3 ; Table 1 ).
139
[ Figure to all four other strains tested. The tesB transcript levels in strains SDTrK, UTRTrK, PTrK12 and
147
PTrK14 were 33%, 56%, 46% and 40% of that in strain TTrK ( Figure 4B ). promoter P psbA14 ) ( Figure 4B ).
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[ Figure 4 to be inserted here]
157
We analyzed the (R)-3HB and acetate production levels in the same strains above and found 166.1 mg L-1, respectively, which were 2.0-2.4 times higher than that for SDTrK; the acetate 161 titers reached 1.2-2.7 times that measured in SDTrK ( Figure 4C ). While the (R)-3HB titer for 162 strain TTrK, 174.6 mg L-1, was only slightly higher than those for strains PTrk14, UTRTrK and 163 PTrK12, the acetate titer produced by strain TTrK was over five-fold higher than all other strains 164 ( Figure 4C ). The well-maintained cell growth rate ( Figure 4A ) and the excessively produced 165 acetate by strain TTrK ( Figure 4C ) implied that supply of acetyl-CoA was sufficient and was
166
probably upregulated for biosynthesis of (R)-3HB, as evidenced by a previous study. 36 The 167 of Synechocystis 16S rRNA ( Figure 5A ). The resultant strain was denominated strain R154 (Table   194 1).
195
The acetoacetyl-CoA reductase (PhaB) activity in strain R154 was 2.2-fold higher than that in 196 strain TTrK (Table 2 ; Figure 5B ). While the growth of strain R154 was similar to that of strain
197
TTrK under the examined culture condition ( Figure 5C ), strain R154 was able to produce (R)-3HB
198 at a titer of 280.2 mg L-1, 1.6-fold higher than that of strain TTrK, after five days of 199 photoautotrophic growth with NaHCO 3 as the sole carbon source ( Figure 5D ). Our results
200
confirmed that PhaB activity was indeed the bottleneck for (R)-3HB production in Synechocystis, 201 and they suggest that the new RBS, i.e., RBS opt , is much more efficient in expressing the phaB1 202 gene compared to the original RBS in our engineered Synechocystis strains. Enhanced production of (R)-3HB from CO 2
207
Since the bottleneck of (R)-3HB biosynthesis in Synechocystis, the acetoacetyl-CoA reductase 208 activity, has been mitigated (at least partially) in strain R154 ( Figure 5 ), it would be interesting 209 to examine if this strain R154 shows higher photosynthetic productivity of (R)-3HB directly from 210 CO 2 (rather than daily addition of bicarbonate) than the parental strain. 29 As shown in Figure 6A , 211 strain R154 first showed a relatively fast "growth phase" during the first two days, and then cell 3.5-fold higher and the average productivity is 7.3-fold higher than previously reported values.
222
To our knowledge, this result is, to date, the highest titer and productivity achieved in 223 photoautotrophic production of 3-hydroxyalkanoic acids from CO 2 . The productivity is also 224 higher than other compounds branching from the metabolic node of acetyl-CoA (Table S2) .
225
Without adding any organic carbon sources into the culture medium, the titer of the excreted The dramatic increase of the (R)-3HB production rate compared to that in the previous study 235 can probably be attributed to the following reasons. First, the bottleneck in the (R)-3HB 236 biosynthesis pathway, i.e., the relatively low enzyme activity of acetoacetyl-CoA reductase
237
(encoded by phaB), was identified and subsequently alleviated by optimizing the RBS which 238 increased the PhaB activity by 2.2-fold in strain R154 ( Figure 5B ; Table 2 ). Second, the culture in 239 current study was aerated with 5% CO 2 instead of air, and the pH of the culture medium was 240 stable at ~8.0 during the entire cultivation process, indicating that the CO 2 supply was sufficient.
241
In contrast, in the previous study when the culture was aerated with ambient air (0.04% CO 2 ), Synechocystis can tolerate without a major decrease in growth rate, i.e., 25 g L -1 ( Figure S1 ).
249
Strategies to further increase the titer and productivity may include maximizing the PhaB To better understand the physiology of the (R)-3HB-producing strain, we set up a including cell growth and (R)-3HB production were also collected overtime. g L -1 thiosulfate and 1.5% agar were supplemented into BG11 medium before autoclaving.
329
Modification of Synechocystis genome
330
The chromosome of Synechocystis strains was modified using methods described previously.
38
331
Basically, recombinant integration plasmids carrying the desired expression cassettes (Table 1) 332 were constructed using pBluescript II SK(+) as the backbone. Each integration plasmid was then 333 used to transform Synechocystis using a natural transformation protocol. Premethylation using 334 the cytosine-specific methyltransferase, Slr0214, was used to treat the donor DNA prior to
335
transforming Synechocystis whenever necessary. 50 The genotype of each engineered 336
Synechocystis strain is described in harvested by centrifugation and resuspended with 10 mL BG11 (10 mM TES-NaOH) contained in RNA was then quantified by RT-qPCR using methods described previously. 29 The primers used 369 for RT-qPCR analysis are listed in Table S1 .
370
Enzyme activity assay
371
Synechocystis cells were resuspended with an initial OD 730 of 2.0 in BG11 (10 mM TES-NaOH)
372
supplemented with 50 mM NaHCO 3 and were grown under light of 60 µE m -2 s -1 for 12 hours.
373
Then, 1.67×10 9 Synechocystis cells were collected by centrifugation at 8000g at 4 o C for 5 min.
374
The supernatant was discarded, and the cell pellets were frozen on dry ice and stored at - 
Product quantification 385
The (R)-3HB and acetate concentrations were quantified by 1100 series HPLC (Agilent, Santa
386
Clara, CA, USA) using the method described previously. 29 Briefly, samples of the Synechocystis 387 culture were centrifuged at 17,000g for 1-2 min at room temperature and the supernatant was TTrK Cm R -P tac -phaA-phaB1 (S1), P tac -tesB-T1-Kan R (S2), ΔphaEC (S3) This study SDTrK Cm R -P tac -phaA-phaB1 (S1), P tac -SD-tesB-T1-Kan R (S2), ΔphaEC (S3) This study UTRTrK Cm R -P tac -phaA-phaB1 (S1), P tac -UTR-tesB-T1-Kan R (S2), ΔphaEC (S3) This study PTrK12 Cm R -P tac -phaA-phaB1 (S1), P psbA12 -tesB-T1-Kan R (S2), ΔphaEC (S3) This study PTrK14 Cm R -P tac -phaA-phaB1 (S1), P psbA14 -tesB-T1-Kan R (S2), ΔphaEC (S3) This study PTrK16 Cm R -P tac -phaA-phaB1 (S1), P psbA12 -P tac -tesB-T1-Kan R (S2), ΔphaEC (S3) This study R154 Cm R -P tac -phaA-(RBS opt )-phaB1 (S1), P psbA12 -P tac -tesB-T1-Kan R (S2), ΔphaEC (S3) This study *S1, the insertion site on the chromosome of Synechocystis between slr1495 and sll1397; S2, the insertion site 441 between slr1362 and sll1274; S3, the insertion site between slr1828 and sll1736. 442 443 
